Nl P <\\‘\\‘\M‘.‘:"r"'5 1
. (‘Q{\‘\\ RRRREH /7 S \- &

Control and protectlon challenges N
fully metallic tokamak WEST for long
pulse operatlon
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The WEST tokamak Qm—

» WEST is a mid-size superconducting tokamak operated in a fully metallic environment (W)

)

1, (Glgs™2.5) 1.0 MA -
B, 37T
R/a 25/0.5m
v, 15 m3
P.uq 16 MW (9+7)
(+3 ECRH >= 2024)
Ttiattop 1000 s

» WEST key missions are twofold:
- Paving the way towards the ITER actively cooled tungsten divertor procurement and operation
- Mastering integrated scenarios over relevant plasma wall equilibrium time scale in a metallic environment

~8tper CA=>~436t1
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Long pulse operation requires specific management
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Plasma operation on short time scale (~10 seconds) might not reach any limit.
Situation might differ on longer time scale (minutes, hours)

» Purpose: being able to pursue the discharge
» Solution: dealing with unexpected events on RT (e.g. apply predefined strategies)
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ﬂ Outline Q"“-

» Concepts for long pulse operation / implementation on WEST
» Scenario design in terms of operation and plasma control
» Machine protection

» Future developments
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Concepts for long pulse operation / implementation on WEST
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Key concepts in order to deal with unexpected events Q"‘-—

» Plasma discharge = set of consecutive phases (segments)

400F
200} Ip (kA)
L : : . ! . . R
g-_/ Elux from CS (Wb)
! | | | | —— T TP
) - e Ip raap-up“ M A 5 TS Time
’ Flat top, heating phase, Ip ramp-down End

Premag X-pt formation burning plasma

Breakdown, Burn-through

» Event mitigation strategies: stage approach based on 4 levels Event handling
. 1- Brief adjustment before
Event detection Event coming back to ref. scenario

identification 2- Slightly degraded plasma vs
ref. (within a preset envelope)

13]|01JuU02
ewse|d

3- Switch to plasma backup
scenario (change segment)

labeue
Juswbas

4- Trigger a Soft / Fast plasma
shutdown
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cea The architecture of the WEST Plasma Control System ?"‘—

Real Time server

II DCS output II Pulse
data schedule files

Main features of the Plasma Control System

network

» Based on DCS (Discharge Control
System) developed at IPP for ASDEX-
upgrade and configured for WEST

Timing
Ethernet network
Real Time network

osegele

» Plasma controllers developed and =
validated in Matlab Simulink. R
Automatic C++ code generation and §
implementation. Cycle master

» Segment oriented and event
management natively implemented
(segment manager / Waveform

Segment
manager

Ssi0olenldy

Gateway /
network

Aemaied sHd
Alowew paieys

. o '
generator). Switch to another segment | JIEREEEE Plasma
) ) = controllers
when outside plasma scenario envelop o
=
» Specific Pulse Schedule Editor is used to [
. \ J \ J
prepare the plasma discharges —— Y Y
Plant Networks Plasma Control System
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Xedit: specific Pulse Schedule Editor QA"'

Set of segments used to build a plasma discharge

H =
» The IPP W7-X Pulse Schedule Editor 2
. . [} (11 Premag | (4] Limiter | (51 Xformation ____][6] Flat .. | (7] Ram... |
Xedit configured for WEST needs £
oo
8 = E & unit [1.2] [4.1] [5.1] [5.2] [6.1] [7.1]
WEST_SeamentManagement
| . ; ¢ Seament characteristics
() Segment identifier 1 5 6 7 8 9
> Segment management ayer IS used to [ Transition time g 0.0 0.1 0.1 0.5 0.5 0.5
H Seqment duration 5 10.0 0.83 0.12 1.0 5.0 3.0
trlgger a neW Segment On event @© Next seqment to trigger -1 6 u 8 9 996
oo " Plasma phase event Disable Disable Disable Disable Disable Disable
d etectio n .E ' Plasma current control failed event Dizahble Enable Enable Enable Enable Enable
E o [ Magnetic control failed event Enable Enahble Enable Enable Enahle Enahble
! Fueling control failed event Disable Enahle Enahble Enable Enahle Disahle
. « . e oo I LHCD system failed event Disahle Disable Disable Disable Disable Disable
- List of event and policies specified: .00 - ICRH system failed event Dissble  Dissble  Dissble  Disable  Disable Disable
. . . . — " Cu High Impurity level detection event Disable Disable Disahle Disahle Disable Disable
d u ratlon’ M H D’ Com m u nlcatlon |Ssue’ + | Fe High Impurity level detection event Disable Disable Disable Disable Disable Disable
C | W High Impurity level detection event Disable Disable Disable Disable Disable Disable
i i = o= ") Disruption detection event Disable Enable Enable Enable Enable Enable
pa ra meter OUtSIde predefl ned envelop' Q0 | High MHD level event Dizable Disable Disable Disable Disahle Disable
t ,E .| Calorimetry protection event Disable Disable Disable Disable Disable Disable
e C' = | LPA protection event Disable Disable Disable Disable Disable Disable
S o= " ARRPREM event Enable Enable Enable Enable Enable Enable
H H H H (%] ' Plasma current end event Disable Enable Enable Enable Enable Enable
- E'g' speCIfIC plasma te rmlnatlon deSIgned (O] 1 End of flux event Disable Enable Enable Enable Enable Disable
. o . — "1 Poloidal overheating event Disable Disable Disable Disahle Disable Disable
fOFZ ﬂUX Ilmlt, runaway deteCtlon, _}3 "I High radiated power ratio event Disable Disable Disable Disable Disable Disable
. . c | Limiter to X point Transition Disable Disable Disable Disable Disable Disable
network communication |05t’ etc. ) ["1X point to Limiter Transition Diszble Disable Disable Disable Disable Disable
> /L to H mode transition Disahle Disable Disable Disable Disable Disable
()] " THto L mode transition Disable Disable Disahle Dizahle Disable Dizable
- ihili G o= || Generic Timing System event 1 Enable Enable Enable Enable Enable Enable
Offer fleXI blllty to add ress neW events (@] o= [ Generic Timing System event 2 Enable Enahble Enable Enable Enable Enable
o+
(%]
4

» Goal: stay within the operation envelop while ensuring the plasma scenario / Performance
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Scenario design in terms of operation and plasma control
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ﬂ Limitations due to the central solenoid Q""——

» WEST TF coils are superconducting,

WEST PF and CS are made of Cu actively cooled WEST #55786: Ip=400 kA; USN; dX.=7cm;
_ , _ P.y=3 MW; NI=3.3 10*m-2; Duration 55s
» Total flux swing available CS + iron core: 14 Wb
(CS current: 40 kA N -30 kA) 10

Simul (V54,=118mV)
5 Meas B
Simul (V,,,=43mV)

» Model of flux consumption done to identify limitation

Flux (Wb)

» Tiny range of current in CS for CW operation (£3 kA)

» Main limitation in the CS due to heat load in the coil )
NOT due to the flux swing available. *
~120s achievable with Vloop~45mV or 60mV (optimized
startup phase)

lcs (KA)

0.3F MHD
a W stable

-20
Bh " 4060

lcs range for CW operation (+3 kA)

— 0
2;0_2 L B unstable i E “Mh
&
01 6omv_ __. 1 O 300 A
0.0 - LI Ezoo /
[P. Maget] 0 2 P mw)* g0 // ) /
T
» Longer Duration (> 120 s): obtained for V,,, ~ 0V AND o s
transition when the CS current is in the range £3 kA 0 20 40 60 80 100 120
=» adjust plasma scenario Time (s)
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E Limitations due to the divertor coils Q”’"

» Divertor coils made of Cu actively cooled 15 Maximum duration achievable
» Finite element cooling model implemented in real time \
1 2 3 4 N —
£10
X L
S
€——— Length of div. conductor =55.96m —> § 8
Teu (@ = Teu (D) — @ [Ty (D) = Trzo (D] At + B Iy, ke
Th20(D) = (1 =) Tyz0(@) + ¥ Tzo (i — 1) + f(Tey — Thzo) At "CTD’-
Ti20(0) = Tinpue = 50 07 70°C  Toypyr < 100°C = 6
c
8
(%]
» Max CW current in the divertor coils 12.5 kA Qg4
» No continuous operation for Ip > 700 kA
300 400 600
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Control of Ip and loop voltage

» Implemented control

I,  controlled through LHCD power Ip—ref
Vioop CONtrolled through Vg

Vloop -ref

» Controller not yet validated on plasma but tested on simulation Vj

- Magnetic controller same as on the tokamak
- Heating controller same as on the tokamak 430

- FEEQS + 0D model of flux consumption
(parameters tuned to fit with the pulse data)

Simultaneous Ip and é/loop control

» Example based on shot 56727: 1,=480kA
Switch ON controller at 3 s: V,,,, = 0.1V

470 Yy
e ‘ ! A
Saturated LHCD power to a prescribed value Eig 2 / S 100
~2x2.8 MW needed to sustain |, =480kA with V,,, = 0.1V —= — | g
=z 11/
Control CS voltage to obtain V,,, = 0.1V i

szi 5T
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Machine protection
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Machine protection based on infrared diagnostic ?"'

» IR: Extensive coverage of the in-vessel components
PFU 6 PFU 7 PFU 8
. o v g (inertial) (pre-damaged)
2 2 : - :
c ) by @] .
5 c 2 I:ef::ae:. """"""""""" 4
] o o o
.-;9 _8 _'| N ‘ = MB26 I[
g L
’ g Shot 55062 @ 15s
- . - - d 4 L-div views (240° coverage) = 1 L-div views, 0.1 mm/pixel
Field of View 60 > antennas views Full coverage in phase 2 Movable Field of View
» Principle of the protection: interlock and limit avoidance WEST capabilities
C A
Vs
gs\,loo it avoidance | | Techno limit of 11 IR cameras (3.9 um, 6A=200 nm) on WEST
C - . o g . . . .
=g 75 component 99% of availability. Additional power limited to
c© => interlock is ; ; ;
o5 50F 1MW - 1s without the IR diagnostic
TE 25F stopped) 35 Regions of interest monitored 12 on real time
I T _T = 50°C; T =T
Tl T2 Tinterlock |R 21 interlock™ "2
temperature
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Essential step in protection: simulation in order to understand the videos ?"L—

» Image interpretation based on scene modeling » Evaluate real temperature from apparent temperature
including reflections and emissivity

2 ?Iation 08 Effective emissivity along the lower divertor
Y ‘ *
o b | =
- < 50.6
ol - " y &
- . 2
: m ! 50.4
= < Flux deposition ‘ g
Flux deposition ,_" i ‘: Im s "' 1 goz
\‘g‘— il )ﬂ . d E
s o L L L ! L | | | |
g , 93 2.0 2.1 2.2 2.3 2.4

>

Radial coordinate (m) GasparJetal,
Aumeunier MH et al.,

umednier MH et al.,
atizi C et al;,

- Prediction of deposited & reflected fluxes from - Large variations of the divertor emissivity

the magnetic equilibrium - Emissivity ~0.15 and remains constant at the ISP
and OSP positions (similar to pre-exposition values)
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Example: IR based thermal protection of PFC ?"L-

» Overheating of ripple protection. Results in LHCD power decrease. No effect on ICRH

2.5
2.0
1.5}
1.0f
0.5f

| Shot 55058 LH2 Power (MW)

—-

-

Feedback control

0.0 = n LH power —
T,=250 Tirteriock=T>=250°C Interlock threshold
T,=200 200°C limit avoidance
150 - End: Pipe temperature
100 . powernow below control level
50l reduction ROl apparent T (°C) |

Temperature > threshold =» LH power decreased by 25% by PCS

O35 10 15 20 25 30 35 40
Time (s)
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Protection based on VUV measurements Q""-—

» High content of metallic impurities Cu, Ag and/or Fe might be a sign of an on-going damage of an in-vessel component

» Copperis only present on the LHCD launcher: if Cu content > prescribed value then LHCD power is reduced until
proper level is recovered

» if Fe content > prescribed value then LHCD AND ICRH powers are reduced until proper level is recovered

i iti 0.50 —
> Whe.n tl:e elvent is mitigated, the power comes back to the Vloop:O conditions
nominal value e

'_/v/-".w'-\
040} 1P (MA) \//
[.—"—‘\

88CCEHSL

= Avail. power

3
\'\_\‘_\
2L
LH power (MW)
1 :
200 t
Threshold
1 5 -
00 ’ UV Cu ling (au)
0 AMAASNAM AAVMAMANAAMAIN
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Magnetics

ICRH heating

LHCD heating

Power distribution
models

Wall Reflection

Y

* Heat flux density on divertor
(Max 10 MW/m?2)

* Total thermal load
(Max 10 MW)

* Energy deposited on

Wall heat flux control based on model and combination of diagnostics

models .
Bol t unsuperwsed darea
olometr
y (Max VV below 2.2MJ/m?)
Reflection model
B OSp —0Sp
osp — pout y Lripple Peona ”Btotal A ndivertor”
qdeposited - Bomp ”E’osp ”
osp 3omp poloidal total
Fixed 2/3 J\ | 2mR /1q Bompl
tota
Fixed 2 Fixed 6.5mm J\

» Allow:

- processing heat loads on supervised and unsupervised areas

- Ensure machine protection wrt thermal loads

- Control flux density on divertor for qualification under well
controlled and reproducible conditions

Unsupervis‘edarea"'s?'\;/“vx '
“below under the baffle ﬂ £

November 14-16th 2022
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Future developments
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cea Artificial Intelligence (Al) for long pulse operation of WEST ‘?"‘—

» New field in fusion. Allows working on complex use-cases where data or "'_| Agent II
models tend to be limited. Machine learning could enable applications .| | eward aciion
from fast plasma simulations to non-linear feedback control. S| R A,
R
. L. . 5. | Environment ]4—
» Several ongoing applications are studied at the IRFM: —
- Fast detection of hot spots through infrared video signals, UFOs, etc. Reinforcement learning

- Magnetic control based on [1]

0.05 P e s
0.04
» Two paradigms are at the core of those methods: 7 0031
- Supervised learning uses datasets to identify and generalize underlying Sl
. 0.01 A
phenomena in the data 0.00 4 Typical WEST plasma, elongation 1.33
- Reinforcement learning uses interactions with an environment through actions.
By trial and error, a « reward » signal is used by the agent to learn a given 25
task s 101
g 5]
On one hand, datasets are built on real shots, and on the other hand data E :
are observed online within a simulation. Neural networks are used in both

0.000 0.(;25 0.0'50 0.0'75 0.1'00 0.1'25 0.£50 0.1'75
contexts. Time{s=c)
Control of plasma’s vertical position on a linear

and reduced vertical instability model.

[1] « Magnetic control of tokamak plasmas through deep reinforcement learning » - Degrave, J., Felici, F., Buchli, J. et al. - 2022
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cea Conclusion ?"‘—

» Architecture of the WEST PCS and of the pulse schedule editor are designed to deal with events (segment approach
of the discharge, event handling policies) and easily scalable

» Basic and more advanced plasma controls have been implemented:
- Magnetic Control of plasma current: only | or (/,, V,Oop)*
- Magnetic Control of plasma position done on: (R, Z) .puoiq OF (EROG , Z, dX) or (EROG, Z, dSep)”
- Fueling Control done on: VV pressure or plasma density (gas, SMBI and Pellets)
- H&CD Control either feedforward or feedback (e.g. V,,,, control)

» Machine protection also implemented in the aim of pursuing safely the discharge
- IR protection based on measurement and reflection models
- VUV spectroscopy measurements on Copper and Iron
- Basic heat load modelled implemented on real time (allow the protection of unsupervised areas)
- And also Runaway electron, interlock on subsystems or IR measurements

» Future activities
- Implement/test control based on Al for the plasma shape, the path toward a prescribed plasma state (e.g. V100p=0)
- Improve the actuator management with equivalence rules between them (H&CD systems, valves, etc.)
- Availability of ECRH in 2024 will allow more flexibility and will require control developments e.g. to mitigate MHD, W core
contamination, etc.
- Ultimate target of WEST (cf. Project Plan) is to obtain long pulse discharge with 10 GJ of injected/extracted energy

* Still to be tested on plasma although validated on simulation
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Cea Thank you for your attention
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